Abstract-A nerve stimulation model has been developed, incorporating realistic cross-sectional nerve geometries and conductivities. The potential field in the volume conductor was calculated numerically using the variational method. Nerve fiber excitation was described by the model of McNeal.
INTRODUCTION RTIFICIAL nerve stimulation as a method for the
A rehabilitation of spinal cord injured patients has been of growing interest during the last years. It is generally believed that its functional performance will improve if more physiological contraction patterns can be realized than is currently possible with cuff electrodes with only one electrode or pairs of electrodes [ 11- [9] . One approach is the use of multielectrode configurations for the independent control of several groups of motoneuron fibers within the nerve [l], [2] , [6] , [8] , [9] . A prerequisite for the advantageous application of this approach is a limited overlap of motoneuron groups recruited by different electrodes. This means that only few motoneurons are excited by more than one electrode.
Multielectrode configurations can be used for the alternating stimulation of groups of motor units belonging to a single muscle or group of synergistic muscles. This method can reduce muscle fatigue which occurs if the same motor unit group always is synchronously activated by only one electrode. Holle et al. 111 observed an improved resistance to muscle fatigue when motoneuron groups in the phrenic nerve of dogs were activated in turn by a multielectrode configuration. The same was observed by Moritz et al. [ 101 who stimulated phrenic nerves of patients. By stimulating alternately electrodes at dif- ferent sides of the sciatic nerve of cat, Petrofsky [2] found a similar fatigue resistance as when stimulating the three split parts of the associated ventral roots in turn. However, he did not compare these results with fatigue resistance obtained when stimulating with only one electrode.
Another possibility created by the use of multielectrode configurations for nerve stimulation is the independent control of groups of motor neuron fibers belonging to muscles or muscle groups with different functions. In this situation, the motoneuron groups recruited by different electrodes should not only have a limited overlap, but should also belong to different muscles or muscle groups. McNeal and Bowman [6] investigated selective stimulation of four muscles of the hindlimb of dogs when stimulating with a seven-electrode cuff configuration around the sciatic nerve before its bifurcation into tibial and peroneal nerves. At this level, tibial and peroneal nerve fibers lie in fascicles at different sides of the nerve. By bipolar stimulation between electrodes at the same side of the nerve, extensor, and flexor muscles could be stimulated selectively.
The performance of multielectrode configurations could be improved, if it would be possible to selectively stimulate a larger number of smaller groups of motoneuron fibers, not only close to the surface of the nerve, but also deeper inside. Limitations regarding the size of these groups were investigated by Veltink er al. [8] , [9] . They considered the overlap of motoneuron fibers recruited within the single fascicle of rat common peroneal nerve when stimulating intrafascicularly or extraneurally with a multielectrode in one cross section of the nerve. An appreciable overlap of recruited groups of motoneuron fibers was found. Selective stimulation of a single muscle could not be obtained and no appreciable difference of muscle specificity among motoneuron groups recruited by different electrodes was found. Thus, by stimulating a single fascicle with a multielectrode in this way, the results were not as intended.
In nerves with many fascicles, groups of motoneuron fibers are distributed among fascicles. Because these fascicles have different positions in the nerve, they may be stimulated selectively by electrodes in their neighborhood. Furthermore, selective stimulation of fascicles might result in selective stimulation of muscles, if the fascicles have different muscle specificities. Differences of muscle specificity among fascicles depend on the position along the nerve [ 111. Selective stimulation of fascicles within a multifascicle nerve has not yet been investigated 0018-9294/89/0700-0683$01 .OO O 1989 IEEE experimentally. In this paper, the results of a theoretical analysis on this subject are presented. Simulations were performed with a realistic geometrical model of multifascicular human deep peroneal nerve and monofascicular rat common peroneal nerve.
METHODS

Computation of the Electrical Potential Distribution
The potential distribution in a realistic geometrical nerve model was calculated numerically with the variational method [ 121, [ 131 under quasi-stationary conditions. The medium was assumed to be purely resistive. The nerve volume was divided into identical wedgeshaped volume elements of thickness k (Fig. 1) 
was discretized as the sum C De ( cp ) of contributions from all elements and the dissipation De (cp) in an element was approximated by a quadratic expression in the potentials at the six comer points (grid points) (see Appendix B). Straightforward minimization of the discretized total dissipation leads to a linear system of algebraic equations for the unknown potential values at the grid points.
The iterative numerical method used for solving these equations reflects the pointlrowlplane hierarchy. The electrical potentials of the grid points of one single row were computed simultaneously by Gaussian elimination and backward substitution applied on a tridiagonal matrix [ 141, while the potentials at grid points of neighboring rows were taken constant. The Gauss-Seidel method [ 141 was used for iteration on the rows of a single plane (plane iteration). Furthermore, iterations on all 40 planes of the model were performed using the Gauss-Seidel method in combination with successive over-relaxation [ 141. The over-relaxation factor used was 1.7. One full model iteration consisted of eight plane iterations for each of the 40 layers. Full model iterations were performed until the following criterion was met: n with cp: being the potential at grid point i after iteration numberj, and n the total number of grid points. In the nerve model, a single stimulating electrode was incorporated. We assumed that nerve geometry did not change within twice the model length. Also, the xy plane in which the electrode was located, was assumed to be a plane of symmetry in the model. Therefore, only half of the nerve length had to be modeled and the boundary condition for the symmetry plane was a Neumann condition: zero current density normal to this surface was assumed. The boundary condition for the rest of the model surface was of the Dirichlet type: potential was set to zero. For computational reasons, the electrode itself was also modeled as a Dirichlet condition (imposed potential). However, the results are comparable to injecting current at the electrode surface because the tissue was assumed to be purely resistive.
Cross-Sectional Geometry of Modeled Nerves
In this study two types of nerve were considered: the common peroneal (CP) nerve of rat, with only one main fascicle, and the human deep peroneal (DP) nerve, made up of many fascicles. The cross-sectional geometry of the CP nerve [ Fig. 2(a) ] was obtained from material used in stimulation experiments [8] , [9] . After an experiment the CP nerve was removed and part of it was frozen and cut into slices. The slices were treated with Sudan Black, which selectively stains the myelin sheath of the nerve fibers 
Electrical Conductivities
The nerve models used in this study consist of a number of compartments with different conductivities, summarized in Table I . (Table I) .
Intrafascicular conductivity was considered to be anisotropic [ 161. All other compartments were assumed to be isotropic. The connective tissue surrounding the fascicles is rather inhomogeneous [ 1 11 . Therefore, we divided the extrafascicular connective tissue into two compartments: the perineural sheath enfolding the fascicles, and the epineural connective tissue which comprises all fascicles. Conductivities of these tissues could not be ob- Table I . nerve to have the same value as fat tissue. The volume elements at the surface of the model (compartment 6) were attributed a very low conductivity and are a compressed representation of the tissue at a larger distance from the nerve. tained from literature. The epineurium has a loose structure and partly consists of fat [ I 11 . Therefore, its conductivity was assumed to be somewhat higher than the conductivity of fat tissue (0.04 (nm)-i [1 11 ), The con~~~i~~ our experiments on rat the cP nerve was lifted from the surrounding tissue and embedded in oil having a low conductivity. Therefore we assumed an extraneural conductivity of 0.01 (Qm)-l in the model of rat ductivity. Like Stegeman [17] did for human sural nerve,
ufNerve Fiber
The relationship between stimulation field and membrane potential of a myelinated nerve fiber was modeled This results in a number of coupled differential equations, each one describing the potential at a single node of Ranvier: ductivity of the perineurium was assumed to be lower. by the network description introduced by McNeal 1181. we assumed the extraneural conductivity of the human DP
pn is the deviation of the potential difference across the membrane from its resting value at node n , C,,, is the nodal membrane capacity and G,,, the nodal membrane conductance. [22] we extended this model by varying the position of node 0. Lo was defined as the distance in z direction from the electrode to node 0 [22] . Like McNeal we used a nerve fiber model comprising 11 nodes of Ranvier numbered from -5 to 5 . For this number of nodes, the influence of the limited cable length is negligible. Node 0 was defined nearest to the stimulating electrode. The term pe,n-l -2p,,, + p e , n + l is the input term of the equations which was called the activating function by Rattay [23] . The threshold stimulation amplitude (TSA) of a nerve fiber is the stimulus pulse amplitude which depolarizes the nerve fiber membrane up to its excitation threshold. The number of nodes at which the activating function has to be considered for an accurate calculation of TSA depends on the potential distribution and the internodal length L. This number of nodes, which determines the length of the nerve model to be considered, was minimized in order to increase the resolution of the grid in z, direction (minimize k ) . In our simulations, we considered nerve fibers with L = 1 .O mm and L = 1.5 mm. In order to estimate TSA with an accuracy of 1 percent of its value, the activating function was calculated at nine nodes in all cases, except for L = 1.5 mm in the model of the small rat CP nerve (seven nodes). These numbers of nodes were empirically found by comparing the calculated TSA values for several numbers of nodes in a test with a larger extent of the model in z direction (larger k ) . The activating function at the other peripheral nodes was set at zero. The rat CP nerve model had a length of 6.75 mm. For the larger human DP nerve this length was 8.25 mm. Consequently, the height k of the volume elements was 0.17 and 0.21 mm, respectively. Monopolar cathodic stimulation was applied, with a pulse width of 60 ps, which is the same as we used in our stimulation experiments on rat CP nerve [24] . With increasing pulse amplitude pA excitation will first occur at the node nearest to the electrode. The mechanism of excitation was modeled by the Frankenhaeuser-Huxley (FH) description of the membrane conductance G,,, [25] at three nodes of Ranvier. The membrane conductance of the other nodes was kept constant.
For each nerve fiber the distance Lo, the diameter D and the position in the nerve cross section T(x, y ) will influence TSA. These parameters have been described as stochastic variables by Veltink et al. [22] , and the probability distributions of these variables have been used for the evaluation of nerve fiber excitation. In the present paper, nerve fiber excitation was evaluated for fixed values of diameter D and distance Lo [21] . Two nerve fiber diameters were considered (10 and 15 pm) and two extreme values of (Lo = 0 and Lo = L/2). Contour lines were determined in the nerve cross section. These contours surround the area in which nerve fibers, lying only in the fascicles (compartment l ) , are predicted to be excited. For fixed diameter D and unknown Lo all nerve fibers will be excited inside the inner contour (Lo = L/2) and none will be excited outside the outer contour (Lo = 0). In the area between both contours nerve fiber excitation depends on LO.
RESULTS
Computational Test of the Volume Conduction Model
To test the correctness of the computations, the electrical potential and the activating function in a simple concentric two cylinder nerve model were computed in two ways: using the analytical description by Veltink et al. [22] , and the numerical method described in this paper. An intrafascicular electrode was located at the axis of the cylinder and was represented by a current point source in the analytical description. In the numerical method, an electrode with finite dimensions was represented by a Dirichlet boundary condition. The volume conduction parameters used were the same as in Veltink et al. [22] . For a suitably chosen ratio between the current through the electrode in the analytical description and the electrode potential in the numerical method, the field potentials and values of the activating function, compared at several positions, appeared to correspond well: they differed less than 5 percent of their value.
As to the convergence criterion (2) used in the numerical method described in this paper, it was found that 130-200 full model iterations were needed to meet the criterion, depending on the model geometry and the ratios of the conductivities. The criterion is a measure for the rate of convergence, not for the convergence itself. It can be computed much faster than the residual or the exact error and appeared to perform well in practice: it was tested that after meeting this criterion the solution in an example of human DP nerve did not change significantly when iterating an additional 1000 times. Convergence to the right solution was demonstrated in the two-cylinder model presented above,
Nerve Fiber Recruitment in Rat CP Nerve
Nerve stimulation by an extraneural and an intrafascicular electrode were simulated. The electrode positions corresponded with those in experiments on rat by Veltink et al. [8] , [9] . The extraneural electrodes used experimentally had a diameter of 200 pm and the diameter of the intrafascicular electrodes was 25 pm. The electrode surface can be considered as a circular disc, because the electrodes were insulated except at the very tip. In the model, the electrodes were represented by volume ele- 
Nerve Fiber Recruitment in Human DP Nerve
Selective stimulation of fascicle A [ Fig. 3(b) ] inside this nerve was investigated by modeling an electrode outside the nerve, in the epineurium just outside the fascicle and inside this fascicle. Fascicle A is situated in the middle of the nerve in between other fascicles. Recruitment contours for Lo = 0 and Lo = L / 2 are shown in Fig. 6 for all three electrode positions and nerve fiber diameters 10 and 15 pm. Distances between the contours for Lo = 0 and Lo = L / 2 appear to decrease at increasing distance from the electrode. Fig. 7 shows TSA ranges of nerve fibers within each of the five fascicles A-E. Selective stimulation of fascicle A in the middle of the nerve was best with the intrafascicular electrode and worst with the extraneural electrode. However, with an extraneural electrode selective stimulation of superficial fascicles near the electrode seems to be possible [see fascicle B in Fig. 7(a) ]. When the distance be- neural electrode parts of fascicles closest to the electrode are recruited, as shown experimentally by McNeal and Bowman [6] . The influence of the perineural sheath conductivity on nerve fiber recruitment was investigated by executing the same simulations with a perineural sheath having the same conductivity as the epineurium (0.1 (Qm)-' ). An example of recruitment contours for intrafascicular electrodes is shown in Fig. 8 . The low conductivity of the perineural sheath improves fascicle selectivity when using intrafascicular electrodes: As shown in Fig. 7 (c) recruitment of nerve fibers of 15 pm diameter was limited to the fascicle in which the electrode was placed, even when all nerve fibers in this fascicle were recruited. This was not found when assuming the perineural conductivity to be the same as the conductivity of the epineurium, even with partial recruitment of nerve fibers inside the fascicle (Fig. 8) . Furthermore, the model predicted the influence of the conductance of the perineurium on fascicle selectivity to be less for epineural and extraneural stimulation (not shown in the figures).
DISCUSSION
The numerical method presented for the computation of the potential distribution in a volume conductor of variable geometry enabled the modeling of nerve fiber excitation for a realistic anatomy and geometry of nerve and electrodes, rather than a simplified symmetrical geometry [22] . Furthermore, this numerical method enabled the incorporation of anisotropic media, in contrast to what is generally possible with other methods, for instance those based on Green's theorem [ 131.
The conductivity ratio of the media will influence recruitment characteristics [24] . For example, increasing the conductivity of the perineurium by a factor 10 to the value of the epineurium resulted in a worse fascicle selectivity for intrafascicular stimulation (Figs. 6(c) and 8) . However, the results in Figs. 4-7 show that the positions of electrode and fascicles in the nerve cross section and the stimulus parameters (e.g., stimulus amplitude) are main determinants of the recruitment characteristics.
The conductivity of compartment 6 will not influence the potential distribution in the rat CP nerve model in a significant way because of the low conductivity of compartment 4. Whether in the case of human DP nerve, especially for the extraneural electrode, a low conductivity of compartment 6 is a sufficient compressed representation of the tissue at a larger distance from the nerve could be investigated by modeling a much larger extraneural compartment with the same conductivity as Compartment 4. However, varying grid resolution would be necessary in order to ensure a sufficient grid resolution in the nerve, while modeling a large extraneural space with a limited number of grid points.
The McNeal model of nerve fiber excitation is based on a number of assumptions:
The simultaneous excitation of many nerve fibers during a stimulation pulse was assumed not to influence the potential distribution in the macroscopic volume conductor.
The myelin sheath surrounding the nerve fibers between subsequent nodes was assumed to be a perfect isolator.
Blocking of action potential propagation along nerve fibers lying close to the cathodal stimulating electrode was neglected. This blocking could occur because of hyperpolarization at nodes of Ranvier at some distance along the nerve fibers [26] . Blocking occurs at much larger stimulus amplitudes than the threshold amplitude for excitation: Ranck [26] mentions a factor 8 between excitation and blocking threshold. However, this factor must be expected to increase for decreasing stimulus width [7] , and to be influenced by the distance between electrode and nerve fiber.
The description of the membrane characteristics was based on measurements on frogs [25] rather than on mammals. Sweeney et al. [27] introduced a new set of equations for modeling the membrane conductance of myelinated nerve fibers. This description would be more adequate for human nerve fibers at 37°C than the Frankenhaeuser-Huxley equations, which we used for compatibility with our former simulation model [22] . We compared the influence of both models of the membrane conductance in the case of epineural stimulation of human DP nerve by calculating recruitment contours. The main difference was a lower excitation threshold when using the Sweeney equations. Recruitment characteristics were also influenced to some extent, but do not lead to other conclusions than presented in this paper.
As described, the model predictions appeared to correspond reasonably well with experimental results [6] , [ 81, [9] , [28] , despite the assumptions presented above.
The large influence of nodal positions in the z direction on TSA in simulations of rat CP nerve indicates a large spread of the motoneuron group which is recruited by one electrode. This contributes to an extensive overlap within one fascicle of motoneuron groups recruited by different electrodes, placed in or near to the fascicle. This was found in our experiments with extraneural and intrafascicular multielectrode stimulation of rat CP nerve [SI, [9] . The model also predicts a rather mixed recruitment of large and small diameter nerve fibers at any submaximal stimulation level. This was also observed in experiments by Veltink et al. [SI, [9] for intrafascicular electrodes.
For larger distances between electrode and nerve fibers, the influence of node positions on TSA will decrease, and a more pronounced inverse order of recruitment with respect to nerve fiber diameter will occur. This means that a higher percentage of large diameter nerve fibers are present in the recruited population of motoneurons at a given stimulus level. Pronounced inverse recruitment was found experimentally for extraneural stimulation by Petrofsky [3] and Fang and Mortimer 171.
The model results indicate that muscle selective stimulation with extraneural electrodes will be possible when muscle specificity differs among fascicles at different sides of a nerve.. Matrix M was derived by first writing the dissipation in a volume element according to formula ( l ) , limiting the in-tegration to this volume element. Then a transformation was performed from the xyz coordinate system to the coordinate system (Fig. 1) . Finally, the differentials in the integral expression were approximated by finite differences in the coordinate system.
